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ABSTRACY

This paper presents varions communication system architectures for Multiple-Link communications
with Single Aperture (MUL SA) ground station.  The proposed architectures arc capable of supporting a
multiplicity of spacceraft that arc withinthe beamwidih of asingle ground station antenna simultaneously.
Bothshortand long term proposals to address this scenario will be discussed. in addition, the paper aso
discusscs the top-level system designs of the proposcd architectures and attempts to identify the associated
advantages and disadvantages for cach system.

1. INTRODUCTION

Currently, there arc several proposed future missions to Mars, namcly, MarsNct and Mars
Environmental Survey (M ESURY, that arc involved with a multiple spacccraft. MarsNet, (consists of 3
or 4 small landed stations) is a joint National Acronautic Space Administration (NASA) and Furopean
Space Agcency (ESA) mission which witl complement the investigations of Mars conducted by MESUR
network and the proposed launch date is January, 2001. Onthe other hand, the MESUR network
comprises 16 small landing vchicles distributed over Martian surface to form a global network with the
proposed launch elates arc distributed as follows: 4101999, 4 in 2001, and thc final §in 2003, It is
possiblc that the Deep Space Network (DSN), managed by the Jet Propulsion 1.aboratory (JP1.) for NASA,

willbe asked to simultancously support amultiplicity of spat.maft that arc within abcamwidth of asinglc
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ground station antenna. This provides a unique opportunity to communicate with multiple spacecraft using
a single antenna, as the latter results in maximum operational cost saving. For such occasions, onc needs
toidentify alternative systemy architectures that arc capable of tracking several spacecraft from a single
carth station using a single earth-to-space link (uplink) and multiple space-to-cal-th links (downlinks). in
order to identify accurately these architectures, onc must define a set of requirements and constraints
imposcd on both spacecraft and ground station operational equipments. Given these defined rcquirements,
onc can then derive various architectures that will satisfy most of them. Sine.c future NASA missions will
require low cost, small size,low power consumption spacecraft tcleccommunication equipments, the
proposed architectures must have also satisficd these requirements.

For the proposcd missions to Mars, there arc two classes of communications that the desired
sy’stem needs to provide on the downlink. First is the simple onc-way communication in which the
downlink frequency can be derived from the spacecraft local oscillator, and the sccond isthe two-way
communication where the downlink frequency is derived coherently from the uplink. Usually, for deep
space communications, coherent communication mode is preferred for navigation purpose along with best
achievable systcm performance. For uplink communication, the MUL.SA scenarios have certain synergy
withcellular S}’ stems1-2].in the later, the forward link employs multiplexing technique using orthogonal
signals generated with Walsh funstions|13] U’ bile the uplink for MULSA aso employs multiplexing with
unique word dctection for compatibility with the current space communication standards [5). The key
challenge is on the downlink especially with cohcrentturnaround capability. The later should be
accomplished with m ass-prod ucable transponder with power cfficient modulation, as opposed to spectrum
cfficient modulation employed in the cellular s>’ stems on the return link {1 and 13].

Recently, [3) have identified several systemrequirements that the DSN must provide for MULLSA
scenarios. These includes (1) simultaneous telecommand, telemetry, ranging and Doppler data scri’ices,
(2) support of radio scicnce measurements, (3) a compatible relay orbiter interface if possible, (4) a simple

Spacecraft transponder design withno significant increase in cost or weight, (5) a capability for multi-



mission operations with optimum perform ance, and (6) conform ance to the current international standards
[4-5]. For short term proposed system architectures, requirements (4) and (6) arc strictly cenforced. This
imposes further restrictions on both spacecraft and ground station equipments; namely, decoding of the
command data using the currently available Command Detector Unit (CDU), minimum modification to
the ground station rccciving hardware, capability of rccciving multiple carriers in the presence of
simultancous tclemetry and ranging signals, and the cost of required modifications should be lower than
Multiple aperture solution.  From these requirements, it is clear that the proposed architectures must be
simple to meet the cost constraints but may not be able to meet sy stem perform ance requirements. Hence,
onc can classify tbc proposcd architectures into two categorics: those that arc suitable for short term
solutionandthosc for long term solution. This paper will discuss both short and long, term solutions for
MULSA scenarios.
2.. PROPOSED SY'STEM A RCHIFECTURES FOR STORT TERM S 01 UTION

Currently, only two alternative architecturcs have been identified for shorttcrm solution. Both
of these employ a single DSN station to support scveral spacecraft which arc simultancously within the
same beamwidth of the single DSN antenna.  Spacecraft discussed through out of this paper can be
landers, orbiters, or any other of vehicle use in the Mars exploration missions. Both systems proposcd
in this section employ a singlcuplink butuse different techniques for separating the downlink channels
from cach spacccraft. The first requires an Adjustable Turn Around Frequency Ratio (ATFR) on the
spacccrafll transponder’. The sccond system utilizes Subcarrier Frequency Division Multiplexing (SFDM)
technique to separate the downlink channels {3].

2.1, ADJUSTABLE TURNAROUND FREQUENCY R v110 (ATFR)
Iustrated in Figure la is the proposed system architceture that employs the ATFR (echnique to

separate the downlink channels. A dctailed deseription of this system can be found in footnote 3.
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However, key features for this technigque will be reiterated in this section for the sake of completeness.
On the uplink, the tclccommand signal is sentusing a single, residual carricr R¥ frequency (f, ) from a
DSN carthstation and this will be received simultaneously by all spacecraft which lic within the carth

station antenna’'s bcamwidth. A standard tclecommand signal can be expressed mathematically as [4]
Sup®)= 2P ycosnft4m, dBsin@nf, 1) (1)

where Py, is the uplink power, m,, denotes the uplink modulation index, f, denotes the uplink frequency,
d(1) is the telecommand data which is Non-Return-to Zero (NRZ) formatted, and f., 1s the tclecommand
subcarricr frequency. All spacecraft lock to the uplink frequency f; simultaneously.  Packet
teleccomm anding which conforms to the international standards recommended by the Consultative
Committce for Space Data Systems (CCSDS) 4] is used to separate the command data on the uplink.
Since the CCSDS tclecommand format allows addressing of both spacccraft and instrument, only
commands addressed to a spccific spacceraft will be responded by that spacecraft. Command datais then
routed to various subsy’stcms Whose address appears in the packet header.

To separate the downlink channels, this system requires an adjustable transponder turnaround
frcquency ratio.  The current recommended coherent TurnAround Frequency Ratio (TFR or TAR) arc
fixcd at 240/2.21 for 2 Gliz band and S80/749 for 8 Glizband. To gencrate different dewnlink
frequencics for N different spacecraft, it is necessary to vary the coherent TAR in such a way that the
downlinks arc coherent with the uplink frequency f, with sufficient frequency separation to avoid the
spectial overlap among the spacecraft when the Doppler shift is present. A standard downlink signal for
each spacceraft employs P CM/PSK/PM modulation technique[4] which can be expressed mathematically

as.

Spi® = 2P cos(2n TAR, fit+ mp,d ()P (D); wherei= 1, 2, 3,., N @)

where Py, is the downlink power, m,; denotes the downlink modulation index which isless than 90°, TAR;



denotes the @wcren turnaround ratio. di(t) is the downlink data which is Non-Recturn-to Zero (NR7)
formattcd, and P,(1) is the tclemetry subcarricr waveform which is squarcwave for deep space missions
and sincwave for ncar carth missions {4]. The subscript i in Eqn (2) denotes the i" spacccraft  The
spectrum of Egn (2) is shown in Figurc 1b. For missions witl high tclemetry data rates, the CCSDS
recommends the downlink signal employs PCM/PM modulation technique without a subcarricr which is

given by
S )= 2P pe0s2m TAR, fitimpd(®); i1, 2, 35y N ()

where d,(1) is the downlink data which is Bi-phasc formatied [4]. Currently NRYZ data format is also being,
considered for PCM/PM modulation technique [10]. Spectrum of Han (3) is illustrated in Figure Ic.

Since the downlink signal is modulated on different residual RY carrier frequency, this technique
provide the best system performance in terms of Symbol Error Rate (SER). Butto sclect various coherent
downlink frequencics or various coherent TARs for decp spacc analog transponder is a challenging task
[6]. Duc to many different constraints, the number of coherent TAR available is finitc and that, oncc the
TAR is implemented in the spacceraft analog transponder it will be fixed for that particular mission.
Therefore, mass production of scveral spacccraft transponders 1s not possible with this technique.
However, with the advance in digital frequency synthesizer technology, it is possiblc to build a simple
lightweight variable ratio digital transponder that mect the stringent deep space requircments on {frequency
stability, spurious cmission and exciter bandwidth [7-8]. To further reduce the cost and weight of the
transponder, onc can combine the RF phasc extraction and digitization in onc unit such that the sccond
1 portion can be climinated [9]

2.2. SUBCARRIER FREQUENCY DIVISION MULTIPLEXING (SFDM)

A sccond short term solution that requircs minimum hardwarc modifications to the current

standard NASA transponders and DSN ground station is SFDM architecture. The uplink communication

is the same as before but the downlink communication is modificd as follows. Here, PCM/PSK/PM




modulation is employed with the modulation index sctto 90° so that the carrier is fully suppressed and
that various downlink tclemetry signals can be put on various subcarriers at different subcarricr
frequencices. The concept for this technique is shownin Figure 2a and the mathem at ical description for

the downlink signal is

O =—\[2P,,pos(2nfnt+-gdi(t)l’i(t)); i1, 2, 3., N (4)

where f}, is a fixed downlink frequency and the definition for other paramcters foundin Eqn (4) can be
found in Scction 2.1.

Figurc 2b shows a simplified block diagram for the SFDMarchiteeture.  The main advantages
associated with this system are that it is compatible with the current DSN sy stems and some CC SDS
standards with minor modifications required to currentavailable spacecraft transponder and minor
modifications to DSN ground station reccivers. Modifications at-c required for the setting of the center
and cut Off frequencics of the RF filter implemented at the RE section of the spacccraft transmitter.
Hence, mass production of spacecraft transponder is possible. However, there are inherent drawbacks for
this technigue. At Jow symbol Sip,nal-to-Noise Ratio (SNR), this $3 'stem is expectedto perform poorer
than ATFR system duc to suppressed carrier tracking, and it also requires frequency optimization {g avoid
interference when the ranging is present.

3. PR OPOSED SY 'STEM ATRCHITECTURES 1'OR LONG TERM SOLUTION

The proposed architectures for long term solution should outperform (in terms of system
performance, spoctrum cfficiency, hardware complexity and number of supportable spacceraft) the short
term solution ., gt the expensc of major modification s to both spacceraft transponders and ground station
receivers. Currently, onc alternative mechanization has been identificd, namely, PN Code Division
Multiplexing (CDM) [11-12]. This utilizes various PN orthogonal codes to separate signal from the
various spacecraft, and both of these architcctures usc suppressed carricr modulation schemes such as

BPSK or QPSK. In the following, BPSK modulation scheme willbe assumed. Furthermore, in this



proposed architecture, the uplink communications will be assumed to be identical to the short term
solution.
3.1. PN CODE DIVISION MU LTIPLEXING (C DM)

Figurc3 depicts a simplified block diagram for the CIDM architecture. Here, all spacecraft
transpondcrs have a single, fixed TAR that will produce a fixed downlink R¥F carrier at frequencey f.
Before downlink telemetry data is modulated on the RY earl-icr, it is modulotwo added to a PN code.
Different encoders are used on each of the spacecraft such that they arc orthogonal to onc-another. PN
codes arc used to spread the spectrum and to make cach signal uniquely detectable on the ground [11-12])

and the mathematical expression of the downlink signal is defined as
Sy :—\/Zi;))ﬂi(t)PNi(t)cos(Z s i=1, 2, 3., N (5)

where PN (1) denotes the PN code for the i')" spacceraft. Since this system employed suppressed carrier
modulation, the systcm should also operate atlow symbol SNR with increased background noise duc to
many codes occuping the same R¥ spectrum.  Additionally, this technigue require a PN gencerator on
board of the spacecraft and a PN demodulator on the SN ground station. For optimum performance
certain relationship between the PN code's "chip“ rate, the telemetry data rate and the downlink frequency
must be satisfied and this may add additional complexity on the flight hardware. Despite al these
disadvantages associated with CDM technique, (his provides the most RF spectrum efficient modulation
technique thatcan support a large number of spacecraft.
4. COMPARISON OF ALTERNATIV'E ARCHITY ¢ T URES

This section compares the various architecturcs proposed in the previous sections based on five
different criteria, namely, hardwarc complexity onboard of the SpaceCraft (S/IC) and ground station
receivers, system perform ance, the number of $/C can be accomm odated | spectrum cfficiency and system
compatibility. The results of the comparison arc summarizedin I’able 1. “]’able Ishows that ATFR

technique provides the best performance but it requires major modifications to S/C and ground station




hardwares. The SDFM technique requires no modification on S/C transponder hardware and minimum  or
no modification cm the ground station hardwarc and provides good $y ‘stem performance and reasonable
speetrum efficiency (depending on the data rate). On the other hand, CI>)M technique provides the worst
performance in terms of SER but the best in terms  spectrum cfficiency and maximum number of
spacecraft accommodated but it requires significant modifications to both S/C and ground station
hardwarcs.
S. CONCIUSION S AND FUTUR ¥, WORK

Bascd on the investigation dcscribedabove, it is possible that theDSNcan support MULSA
scenarios with minimum hardwarce modifications. However, the system performances for we proposcd
architcctures arc unknown, therefore, onc can not assess the cost impact of these modification s onthe S/C
transponder and ground station rcccivers. This iS an on-going rescarch at JPL, the detailed on how these
architectures behave under various system conditions along with the modification cost and maximum
number of S/C that each architecturce cansupport is under investigation.
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Figure 1 b. Spectrum of ATER Signals With Sucanicers
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Figure o4 gpectrum of SFDM - Signals
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Figure 2D, SEDM System Architecture
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Figure 3. CDM System Architecture
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